Summary To clarify the mechanisms of aposporous embryo sac initial cell (AIC) appearance and apomictic embryo sac formation, several apomictic and obligately sexual varieties of bahia grass (Paspalum notatum) were studied cytological and quantitatively. Over 300 young buds from every variety were treated by clearing fluid (Herr 1982) and observed with nomarski differential interference-contrast optics. The observations revealed that, there was no cytological difference between sexual and apomicts up to megasporogenesis. After megasporogenesis, however, the megaspore usually degenerated and in final, disappeared in the apomicts in contradistinction to that in sexual to form 8-nucleate embryo sac. At the same time, AIC, which is originated from nucellar tissue around the megaspore, appeared with a sharp knife shape, and inserted the space that the degenerated megaspore left. When the ovary length was measured and used as an index, it is understood that the ovules of facultative apomicts usually contain several AICs, and the numbers increased as the ovary grew before anthesis. AIC appearance was different event from obligate sexual one, so it could be considered as a related candidate with apomixis gene expression. Therefore, the results of this study will be used to provide the information on isolation of apomixis gene from apomictic varieties.
ture used to fix hybrid vigor and other hopeful breeding materials that are positioned in middle breeding process Bashow 1987, Koltunow 1993) . Apomixis is usually classified into 3 major mechanisms, apospory, diplospory and adventitious embryogeny (Hanna and Bashow 1987) . Among the 3 mechanisms, apospory is considered as the most important one in agriculture because it does not undergo meiosis to propagate through the seed.
Bahia grass (Paspalum notatum Flugge) is an apoamphimictic perennial that sets seed by apospory, a form of gametophytic apomixis (Burton 1948a, Burton and Forbes 1960) . Studies on chromosome, cytology, cross-compatibility and colchicine treatment have been done in bahia grass (Norrmann et al. 1989 , Quarin 1999 , Quarin et al. 1984 . However, studies in the field of molecular level have not been developed yet and still need more of research.
We choose bahia grass as a monocotyledons species as that would be particularly amenable to a molecular study of apomixis. It is shorter plant and easily to cultivate among the important forage grasses. Recently, somatic embryogenesis and plant regeneration system of bahia grass has been established in developing gene introduction techniques (Shatters et al. 1994) . To clarify the molecular process controlling apomixis in Paspalum notatum, it is important to determine the developmental This study was partly supported by the grant of Monbusho of Japan, No. 10660010.
timing and location of apomictic events in suitable laboratory strains that are currently available.
It is a fact that the timing of apomictic gene expression, the key to cloning the apomixis genes has not been identified in bahia grass. Recently, it is reported in guinea grass that, aposporous embryo sac initial cell (AIC) appearance is related with the increasing of ovary length (Chen and Kozono 1994a, b) . And based on the ovary length as an index, AIC-specific clones have been obtained (Chen et al. 1999, Chen and . In the other species, molecular approaches to apomixis research have also been reported, i.e. Citrus aurantium (Carimi et al. 1998) , Arabidopsis thaliana (Chaudhury et al. 1997) , Brachiaria brizantha (Leblanc et al. 1997) , Tripsacum (Leblanc et al. 1995) , Pennisetum (Lubbers et al. 1994) . That bahia grass has or has not the same mechanisms should be understood for the molecular studies.
The present study concerned on has done cytological and quantitative observations of AIC appearance and its development in bahia grass, and estimated the period of AIC appearance using ovary length as an index. These data should provide information for further molecular, cell biological and mechanistic studies of cloning apomixis genes in bahia grass.
Materials and methods
Four apomictic bahia grass varieties and two obligate sexual varieties were chosen for this study (Table 1) . These materials were kindly provided from Osumi breeding branch, Kagoshima Prefecture Agricultural Experiment station, Japan. For the 2 obligate sexual materials, Nangoku and C 1, the former is a diploid (2n=20) variety (Houman et al. 1984) , and the latter is a diploid (2n=20) trace. About four apomictic varieties, they are tetraploid (Komatsu et al. 1991) . To observe various developmental stages, the young buds were collected from spikes that aged from before emerging to open (until at anthesis). The frequencies of apospory and sexual were calculated at anthesis according to the schematic of Fig. 1 . Here, apospory was classified into 2 types, Panicum type (PN) and Paspalum type (PS). PN type represents 4-nucleate embryo sac with one polar nucleus, one egg cell and two synergids (Warmke 1954 , Nakajima 1983 , Bashaw and Hanna 1990 , Chen and Kozono 1994a . PS type represents 4-(or 5-) nucleate embryo sac with two polar nuclei, one egg cell and one (or two) synergid(s). Sexual means Polygonum type (S) 8-nucleate embryo sac with one egg cell, two polar nuclei, two synergids and three antipodals (Hanna and Bashaw 1973) . Therefore, the frequency of apospory in this study was estimated according to the total percentage of PN and PS types.
Results

Aposporous embryo sac initial cell (AIC) appearance
Until megasporogenesis there showed similar behaviors in both of sexual and apospory varieties. After megasporogenesis, however, different events from sexual varieties were observed in apospory varieties. While the formed megaspore became almost unfunctional and degenerated with the membrane disappeared, AIC derived from enlarged unreduced nucellar cells appeared from different direction and usually entered into the space around the degenerated or surviving megaspore ( Fig. 2-1 ). In Figs. 2-2 and 2-3, there showed coexistence of AIC and degenerated or surviving megaspore.
Apospory embryo sac formation
In general, the AIC forms embryo sac with a special process. The AIC undergoes mitosis two times and forms 2-, 4-nucleate. And no antipodal was found ( Fig. 2-4) . The cell division only occurred in the half space of the embryo sac in the micropylar end. It is different from the sexual one which usually occupied the whole space of the sac. And then, the 4 nucleates developed to complete their parts in order (Fig. 2-5 ). In common, a mature embryo sac formed with one egg cell, one syn- Fig. 2-1 , 2-2 and 2-3, Bar=45ƒÊm in Fig . 2-4 and 2-5, Bar=25 ƒÊm in Fig. 2-6 and 2-7.
ergid and two polar nuclei ( Fig. 2-6 ). In some rare case, Panicum type 4-nucleate embryo sac with one polar nucleus was observed. In most ovules multiple apomictic embryo sacs were observed from one to six ( Fig. 2-7) . The distinctive features of mature embryo sacs were observed. 1) There is one egg cell, the nu- 
Degeneration of embryo sac
From the length of ovaries the stages of ovary containing degenerated embryo sac were from 4-nucleate to their embryo sac maturity in apomictic plants, and from 4-and 8-nucleate to embryo sac maturity in sexual plants, respectively (Table 2) . On the other hand, the stage of functional megaspore showed a range of ovary length so wide it became very close to the value of degenerated ovaries.
Types of embryo sacs in apomictic plants
Ten types of embryo sacs were observed and most of the embryo sacs belonged to PS type (Table 3 ). In apomicts, most ovules showed the number of embryo sacs more than one. And the ovules with different embryo sacs (5PS to 2PS, PS +PNn to 4PS +PNn, S, PNn) were observed. The percentage of S type (Polygonum type) was 13.6% (8/59), 9.1% (3/33), 12.9% (4/31) and 5.4% (2/37) in competitor, Nanou, Tifton and Common, respectively (Table 3) . PNn type (Panicum type) was only observed in one ovule among the tested varieties (Table 3) .
Frequency of apospory
Among the 4 varieties, the frequencies of PN type were from 5.0% to 30.3%, and that of PS type were from 60.7% to 90.0%. Total frequencies of apospory were 86.4%, 91.1%, 87.1% and 95.0% in competitor, Nanou, Tifton and Common, respectively (Table 2) .
Discussion
There are no differences observed between obligate sexual and apomictic plants until megasporogenesis in bahia grass. After megasporogenesis, however, different events are followed in embryo sac formation. Sexual ovules proceeded in a manner typical of the Gramineae family, i.e., functional megaspores divided and formed mature 8-nucleate embryo sac as reported in Paspalum notatum (Burton and Forbes 1960) and in Panicum maximum (Hanna et al. 1973, Chen and Kozono 1994a) . In contrast, megaspore does not divide in apomictic ovules and becomes degenerated ( Fig.  2-2, 2-3) . Consequently, AIC (2n) derived from nucellus tissue, different from megaspore (n) appeared, divided and directly formed mature 4-nucleate embryo sac. Most of the embryo sacs contain one egg cell, one synergid cell and two polar nuclei. It is different from that reported in Panicum maximum, i.e. one egg cell, two synergids and one polar nucleus (Nakajima and Mochizuki 1983, Chen and Kozono 1994a) . Here, it was called as Paspalum type of 4-nucleate embryo sac. Koltunow (1993) indicated that in Hieracium MMC (mother megaspore cell) and AIC appeared together. It is different from Paspalum reported here and Panicum (Chen and Kozono 1994a) . That means apospory has different reproductive process in different species, genus or families. In this study, however, when megaspore developed normally, AIC appearance was not observed. By the way, after AIC appeared megaspore coexisted with AIC for a movement, and finally, degenerated. In any case, once AIC appeared, megaspore did not developed. This also differs from Panicum type reported by Chen and Kozono (1994a) . AICs appearance stage is distinctly different from sexual ones, and AIC occurs only in apomictic varieties. So, the stage could be considered as a stage related to apomixis gene expression. Here, we can set up a hypothesis that, AIC gene exited and usually waited for a chance to express, only when the megaspore gave out a signal not fulfilling its mission to form embryo sac. AIC appearance and the embryo sac formation also have an important evolution meaning to protect from any unforeseen happenings. The earliest AIC appeared in ovule always locates in micropylar end, as the ovary grows, The later appeared are located along the first AIC and being apart from it. To understand the mechanism of AIC appearance, we selected ovary length as an index and measured the ovaries when they were observed in different AIC appearance (Table 1) . From the range of ovary length, it is clear that AICs do not appear together in same time. Instead, they seemed following a continuous course and appeared one by one during the period from megasporogenesis even to the first embryo sac maturity. According to the ovary length compared with the morphology of spikes, AICs appeared in the period of spike emerging to open at anthesis. Regard to the ovary length measured (Table 1) we could collect every stages of embryo sac to apply apomixis gene cloning.
Sterile ovules with degenerated embryo sac appeared in both sexual and apomictic varieties based on the observation and quantitative analysis of ovary length ( Table 2 ). The fact that the ovary length of first AIC was longer than that of functional megaspore in all varieties also indicates that apospory is initiated after megasporogenesis. Further, the ovary length staged in functional megaspore was wide and close to that staged in degeneration of embryo sac. These results also supported that the development of sexual embryo sac is often terminated in many aposporous apomicts around the stage of megasporogenesis (Nogler 1984, Asker and Jerling 1992) . Which one of megaspore or AIC firstly showed the signal to terminate or to appear will be interesting to further researches of apomixis.
In the present study, 10 types of embryo sac formation were observed in Paspalum notatum (Table 3) . Here we must issue that "S" types (sexual embryo sacs) observed were almost 4-or 5-nucleate embryo sacs. Except S type, the ovules with over 2S types contain only the same, 8-nucleate ones were not observed. For the case of ovules containing one, two or more 4-, 5-(8)-nucleate embryo sacs in one ovule, two pathways could be considered as following. 1) The sexual embryo sac formation results from the direct division of one, two or over two megaspore(s) though the AIC(s) appeared (or not) in the same ovules. 2) They are derived from AIC(s). In particular, as the ovules with two megaspores in chalazal end were not observed in this study while AIC(s) appeared in the micropylar end, the former pathway could be hardly considered as a putative one. So, the later observation seems reasonable based on that AICs develop into not only 4-nucleate (Warmke 1954) but also, at a low frequency, 5-nucleate embryo sacs in Panicum (Nakajima and Mochizuki 1983) , or 8-nucleate ones in Hieracium (Nogler 1984) .
In Panicum, the 4-nucleate embryo sac formation with an egg cell, one synergid and two nuclei, was reported by Bashaw and Hanna (1990) . And 5-nucleate one with an egg cell, two synergies and two nuclei reported by Nakajima and Mochizuki (1983) . For the mechanism of 5-nucleate embryo sac formation in Panicum, Chen and Kozono (1994a) set up a hypothesis. That is, after megaspore or AIC divided into two nuclei, only the micropylar nucleus continued to divide twice and to form 4-nuclei, and the chalazal nucleus and one of four micropylar nuclei pair with each other to form two polar nuclei. From the above reports, we could concluded that facultatively apomictic bahia grass prefer to produce Paspalum type 4-(or 5-) nucleate (one egg cell, one (or two) synergid(s), and two polar nuclei) rather than to produce Panicum type 4-(or 5-) nucleate (one egg cell, two synergids, and one (or two) polar nucleus 
